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a b s t r a c t
Currently there is high level of interest in developing of vertical device structures based on the group III
nitrides. We have studied n- and p-doping of free-standing zinc-blende GaN grown by plasma-assisted
molecular beam epitaxy (PA-MBE). Si was used as the n-dopant and Mg as the p-dopant for zinc-blende
GaN. Controllable levels of doping with Si and Mg in free-standing zinc-blende GaN have been achieved
by PA-MBE. The Si and Mg doping depth uniformity through the zinc-blende GaN layers have been
conﬁrmed by secondary ion mass spectrometry (SIMS). Controllable Si and Mg doping makes PA-MBE a
promising method for the growth of conducting group III-nitrides bulk crystals.
& 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).
1. Introduction
Currently there is high level of interest in developing vertical
device structures based on the group III nitrides [1,2]. The main
requirement for vertical nitride devices is the availability of highly
conductive bulk GaN substrates. Therefore there is now active
research on the growth of n-type bulk wurtzite GaN by different
growth techniques including Metal Organic Chemical Vapour
Deposition (MOCVD) [3] and ammonothermal techniques [4].
However, to the best of our knowledge, there are no known
publications on n- and p-doping of free-standing bulk zinc-
blende GaN.
Interest in zinc-blende GaN is now increasing for several
reasons including the absence of spontaneous and piezo-electric
polarisation ﬁelds in (0 0 1) oriented cubic GaN; the ability to
cleave cubic GaN on the perpendicular {1 1 0} cleavage planes and
the enhanced mobility of the carriers [5–7].
Molecular beam epitaxy (MBE) is normally regarded as an
epitaxial technique for the growth of very thin layers with
monolayer control of their thickness. However, we have recently
used plasma-assisted molecular beam epitaxy (PA-MBE) technique
for bulk crystal growth and have produced layers of zinc-blende
and wurtzite GaN up to 100 μm in thickness [6–8]. Thick GaN ﬁlms
were grown by PA-MBE on GaAs substrates and were removed
from the GaAs substrate after the growth. The side of the GaN
crystal previously in contact with GaAs substrate was used as the
epi-side surface for the GaN substrate fabrication. That surface is
very smooth as measured by AFM and has an RMS roughness of
0.5 nm. We have demonstrated the scalability of the process by
growing free-standing zinc-blende GaN layers up to 3-inches in
diameter [7]. We also have shown that free-standing zinc-blende
and wurtzite AlxGa1xN wafers can be achieved by PA-MBE for a
wide range of Al compositions [8].
The MBE technique can be competitive with the other group
III-nitrides bulk growth techniques in several unique areas includ-
ing growth of bulk zinc-blende (cubic) GaN and AlGaN crystals and
the growth of bulk wurtzite (hexagonal) AlGaN crystals.
One of the advantages of the MBE in comparison with MOCVD
growth of group III nitrides is the ability to achieve p-doping
without any post-growth annealing activation process.
In this paper we present the results of our research on n- and
p-doping of free-standing zinc-blende GaN grown by PA-MBE.
We use Si as the n-dopant and Mg as the p-dopant for zinc-
blende GaN.
2. Experimental details
Zinc-blende (cubic) GaN layers doped with Si and Mg were
grown on GaAs substrates by PA-MBE in a MOD-GENII system
[6–8]. Two-inch diameter semi-insulating GaAs (0 0 1) substrates
were used. The active nitrogen for the growth of the group
III-nitrides was provided by an HD25 RF activated plasma source.
It is well known from both Auger and SIMS studies that there are
high concentrations of Si, O and C impurities on the surface of all
commercial GaAs substrates. Therefore, prior to the growth of the
GaN layers, a GaAs buffer layer was grown on the GaAs substrate in
order to improve the properties of the GaN ﬁlms. All GaN layers
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were grown under Ga-rich conditions in order to achieve the best
structural quality layers. For our speciﬁc MBE growth conditions
we have forced GaN to grow cubic by using (0 0 1) cubic GaAs
substrates and by supplying an additional As2 ﬂux [6–8]. In the
current study cubic GaN layers were grown at temperatures of
700 1C and at a growth rate of 0.25 μm/h. A standard effusion
cell was used to provide the Mg ﬂux for p-doping and a high
temperature effusion cell was used for the Si ﬂux for n-doping. For
all GaN:Si and GaN:Mg layers we have deliberately grown an
initial undoped zinc-blende GaN buffer layer with a thickness of
100 nm in order to avoid any deposition of Si or Mg onto the
GaAs surface before GaN growth.
We have grown cubic GaN layers up to 12 μm thick on GaAs
substrates and subsequently removed the GaAs using a chemical
etch (20 ml H3PO4: 100 ml H2O2) in order to achieve free-standing
GaN wafers. From our previous experience with MBE growth of
zinc-blende GaN [6–8], such a thickness is already sufﬁcient to
obtain free-standing GaN without cracking and at the same time it
does not require very long growth runs. To increase the thickness
even further to 50–100 μm is merely a technical task as we have
shown earlier [6–8]. Therefore, for this demonstration of the
feasibility of Si and Mg doping by PA-MBE, we have chosen to
grow the majority of the zinc-blende GaN layers less than
12 μm thick.
Samples were studied in-situ using reﬂection high-energy
electron diffraction (RHEED) and after growth ex-situ measure-
ments were performed using X-ray diffraction (XRD). To investi-
gate the optical properties of Si and Mg doped GaN layers we have
studied photoluminescence (PL). In PL we have used a frequency
quadrupled femtosecond pulsed Ti-Sapphire laser operating at
190–330 nm.
We have studied Si and Mg incorporation in the zinc-blende
GaN layers by secondary ion mass spectrometry (SIMS) using
Cameca IMS-3F and IMS-4F systems. The analysis was carried out
using an O2þ primary ion bombardment and positive secondary
ion detection to optimise the sensitivity to Mg. Csþ primary ion
bombardment and negative secondary ion detection was used to
optimise the sensitivity to Si. High mass resolution conditions
were used to allow the 28Si signal to be separated from the 14N2
interference. The data were quantiﬁed using reference samples of
Mg and Si in wurtzite GaN. The depth scales were determined by
measuring the sputtered crater depths using a Dektak 6 M.
3. Results and discussion
Silicon (Si) was used as a potential n-dopant for free-standing
zinc-blende GaN. Initially we have developed n-doping of the thin
zinc-blende GaN layers over a wide range of the Si concentrations.
A set of zinc-blende GaN with the thicknesses of 0.5 μm have
been grown. We have conﬁrmed that the layers have zinc-blende
crystal structure by in-situ RHEED and ex-situ XRD studies, as
shown in Fig. 1a. In XRD, the main and unique peak for cubic (001)
GaN in a 2θω scan is at 2θ 40 degrees (Fig. 1). There is no
overlap of this peak with any peak for hexagonal GaN. In 2θω
scans, the position of the main 0 0 0 2 peak for hexagonal GaN is at
2θ 35 degrees. We did not observe any peak at 35 degrees,
which suggest that we haven’t any signiﬁcant concentration of
(0 0 0 1) oriented hexagonal inclusions in our zinc-blende GaN
layers.
The Si concentrations in the GaN layers and depth uniformity of
Si incorporation into the GaN layers have been analysed using
SIMS. Fig. 2a shows SIMS proﬁles for Si at the centre of an GaN:Si
layer with the thickness 0.5 μm. The position of the GaN/GaAs
interface is clearly marked by the spike in Si incorporation. There
is a dip in the Si incorporation in the area of undoped GaN buffer.
The Si incorporation is uniform through the Si-doped part of the
GaN layer and is about 61017 cm3.
GaN:Si layers with different Si doping levels were analysed
using SIMS. With increase of the Si cell temperature we observed a
gradual increase in the Si doping levels as shown in Fig. 3. Fig. 3
presents the incorporation of Si into zinc-blende GaN as a function
of the Si cell temperature together with the Si vapour pressure
data against the Si temperature [9]. We have a reasonable agree-
ment between the slopes of two lines, which conﬁrms that we
have achieved controlled Si doping of the zinc-blende layers.
All thin Si-doped GaN layers have n-type conductivity accord-
ing to both thermopower studies and Hall measurements. A
standard thermopower setup, see for example [10], has been used
to determine the n- or p-type conductivity. For the thin GaN:Si
layers we have good agreement between Hall measurements of
the Hall carrier concentrations and SIMS data for the Si levels.
After that thick zinc-blende GaN layers doped with Si have
been grown. It is difﬁcult to initiate the growth of zinc-blende
GaN, but it is even more difﬁcult to sustain the growth of the pure
zinc-blende polytype in thick layers without any wurtzite inclu-
sions. We have conﬁrmed that thick GaN layers have sustained the
zinc-blende crystal structure by in-situ RHEED and ex-situ XRD
studies, as shown in Fig. 1b. The GaAs substrate was chemically
removed after the growth as described above. We can achieve
free-standing GaN:Si with a thicknesses as low as 6 μm as shown
in Fig. 4a. However, they are still very fragile at this thickness level.
In order to handle samples more easily we need to grow GaN:Si
layers with a thicknesses of about 10 μm. Fig. 4b shows an
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Fig. 1. XRD data for zinc-blende GaN:Si layers with a thickness of 0.5 μm (a) and
6 μm (b) respectively on 2″ GaAs substrates.
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11 μm thick layer of GaN:Si (1010 mm2) mounted on glass
after removing the GaAs substrate. Both layers in Fig. 3 are
transparent and have slightly yellowish colour.
Fig. 2 shows the Si incorporation into zinc-blende GaN layers of
the different thickness. The Si cell temperature was kept constant
for all 3 layers at a temperature of 1150 1C. The thickness of GaN
has changed from 0.5 μm to 11 μm. The Si concentration
remains uniform through the bulk of the Si-doped part of GaN
layers. The Si incorporation levels remains in the middle of
1017 cm3 concentration range for all 3 layers. Figs. 2 and 3
demonstrate that we can achieve uniform and controllable
Si-doping of free-standing zinc-blende GaN using PA-MBE.
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Fig. 2. SIMS proﬁles for Si and N at the centre of several zinc-blende GaN:Si layers
of different thickness: (a) 0.5 μm thick; (b) 6 μm thick and (c) 11 μm thick.
Fig. 3. Si incorporation into zinc-blende GaN as a function of the Si cell
temperature. The reference line is the Si vapour pressure data [9]. (For interpreta-
tion of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)
Fig. 4. Free-standing zinc-blende GaN:Si layer (510 mm2) with the thickness
6 μm (a) and zinc-blende GaN:Si layer (1010 mm2) with a thickness 11 μm
mounted on the glass after removing the GaAs substrate.
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PL of thin and thick zinc-blende GaN:Si layers have been stuied
and the detailed analyses will be published separately [11]. In the
low temperature PL spectra of zinc-blende GaN:Si we observed an
excitonic recombination related peak at 3.3 eV and a donor–
acceptor peak at 3.15 eV, as shown in Fig. 5a. This data agree
with the previously published results for the thin zinc-blende
GaN:Si layers [12].
Magnesium (Mg) was used as a potential p-dopant for free-
standing zinc-blende GaN. Again, initially we have developed
p-doping of the thin zinc-blende layers GaN grown by MBE over
a wide range of the Mg concentrations. A set of zinc-blende GaN
layers with thicknesses of 0.5 μm have been grown. We have
conﬁrmed that the layers have zinc-blende crystal structure by in-
situ RHEED and ex-situ XRD studies, as shown in Fig. 6a. The Mg
incorporation into the GaN layers has been analysed using SIMS.
Fig. 7a shows SIMS proﬁles for Mg at the centre of an GaN:Mg
layer with a thickness 0.5 μm. In that case we have analysed the
signals from N, As, 24 Mg and 25 Mg isotopes. We did not observe
any difference in SIMS proﬁles for the distribution of 24 Mg and
25 Mg isotopes of magnesium, so we really can believe to the Mg
proﬁle. The position of the GaN/GaAs interface is clearly marked
by the spike in the Mg incorporation. There is a dip in the Mg
incorporation in the area of the undoped GaN buffer. The Mg
incorporation is uniform through the Mg-doped part of the GaN
layer and is about 81018 cm3.
GaN:Mg layers with different Mg doping levels were analysed
using SIMS. With increasing Mg cell temperature we have
observed a gradual increase in the Mg doping levels as shown in
Fig. 8. Fig. 8 presents the incorporation of Mg into zinc-blende GaN
as a function of the Mg cell temperature together with the Mg
vapour pressure data [9]. We have a good agreement between the
slopes of two lines, which conﬁrms that we can achieve controlled
Mg doping of the zinc-blende layers.
Fig. 7 shows the Mg incorporation into the zinc-blende GaN
layers of the different thickness. The Mg cell temperatures were
kept constant for 2 layers at a temperature of 250 1C. The thickness
of GaN has changed from 0.5 μm to 6 μm. We have conﬁrmed
that the thick GaN layers remain zinc-blende by both in-situ
RHEED and ex-situ XRD studies, as shown in Fig. 6b. We have
removed the 6 μm thick layer from the GaAs substrate to obtain
free-standing GaN:Mg. The Mg concentration remains uniform
through the bulk of the Mg-doped part of GaN layers. The Mg
incorporation levels remains at 81018 cm3 for both layers.
Figs. 7 and 8 demonstrate that we can achieve uniform and
controllable Mg-doping of free-standing zinc-blende GaN using
PA-MBE.
Undoped and lightly Mg-doped GaN layers have shown n-type
conductivity in thermopower measurements. A standard thermopo
wer setup, see for example [10], has been used to determine the n- or
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Fig. 5. Photoluminescence spectra recorded at T 4 K for two 6 μm thick GaN
layers doped with silicon (SIMS 31017 cm3) (a) and magnesium (SIMS
11019 cm3) (b) respectively.
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Fig. 6. XRD data for zinc-blende GaN:Mg layers with a thickness of 0.5 μm
(a) and 6 μm (b) respectively on 2″ GaAs substrates.
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p-type conductivity. With an increase of the Mg doping level we can
see a transition to p-type conductivity in GaN by thermopower
measurements. However, we did not manage to get Hall data on
any of p-doped layers. It may be due to the problemwith the contacts
or may relate to a very low mobility in our p-type material and this is
the subject of our current studies.
PL of thin and thick zinc-blende GaN:Mg layers have been
analysed.. The PL spectra for our zinc-blende GaN:Mg samples are
consistent with other studies of the thin Mg-doped zinc-blende
GaN [12]. Fig. 5b shows that we observed PL peaks corresponding
to impurity bound excitonic transitions at 3.25 eV, the donor–
acceptor recombination at 3.15 eV, and transitions involving a
shallow Mg acceptor at 3.05 eV [11].
4. Summary and conclusions
Controllable n- and p-doping of free-standing zinc-blende GaN
using Si and Mg by PA-MBE has been achieved. The Si and Mg
doping depth uniformity have been obtained and conﬁrmed by
SIMS. The fact that n- and p-doped free-standing zinc-blende GaN
wafers can be grown by MBE opens the possibility of the future
production of n- and p-doped bulk zinc-blende GaN substrates for
vertical device structures.
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Fig. 7. SIMS proﬁles for Mg, As and N at the centre of several zinc-blende GaN:Mg
layers of different thickness: (a) 0.5 μm thick and (b) 6 μm thick.
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